Abstract. The impact of different boundary layer source regions in Asia on the chemical composition of the Asian monsoon anticyclone, considering its intraseasonal variability in 2012, is analysed by simulations of the Chemical Lagrangian Model of the Stratosphere (CLaMS) using artificial emission tracers. The horizontal distribution of simulated CO, O 3 , and artificial emission tracers for India/China are in good agreement with patterns found in satellite measurements of O 3
acetyl nitrate (PAN), hydrogen cyanide (HCN), and aerosol are confined by the strong anticyclonic circulation in the UTLS and therefore are isolated from the surrounding air (Rosenlof et al., 1997; Jackson et al., 1998; Park et al., 2004 Park et al., , 2008 Li et al., 2005; Xiong et al., 2009; Randel et al., 2010; Vernier et al., 2011; Bourassa et al., 2012; Fadnavis et al., 2013 Fadnavis et al., , 2014 . In contrast, stratospheric trace gases such as O 3 , HNO 3 , or HCl show low concentrations in the anticyclone Park et al., 2008; Liu et al., 2009; Konopka et al., 2010) . In general, the Asian monsoon circulation is believed to provide an effective pathway for water vapour and pollutants to the lower stratosphere of the Northern Hemisphere (Bian et al., 2012; Ploeger et al., 2013; Vogel et al., 2014; Uma et al., 2014) . The mechanisms for possible transport into the lowermost stratosphere are subjects of a longstanding debate (Dethof et al., 1999; Park et al., 2009; Randel et al., 2010; Bourassa et al., 2012; Fairlie et al., 2014; Fromm et al., 2014; Vogel et al., 2014) .
Increasing stratospheric water vapour has a significant influence on the climate system (e.g. Forster and Shine, 1999; Shindell, 2001; Smith et al., 2001; Forster and Shine, 2002; Vogel et al., 2012) ; in particular the variability of water vapour in the lower stratosphere is an important driver of surface climate change (e.g. Solomon et al., 2010; Riese et al., 2012) . In addition, increasing stratospheric water vapour plays a crucial role in stratospheric chemistry (e.g. KirkDavidoff et al., 1999; Dvortsov and Solomon, 2001; Vogel et al., 2011a) . Therefore, it is important to understand transport processes from the Asian monsoon region into the global lower stratosphere.
Moreover, the contribution of different boundary source regions in Asia to the chemical composition of the Asian monsoon anticyclone (e.g. Li et al., 2005; Park et al., 2009; Chen et al., 2012; Bergman et al., 2013; Fadnavis et al., 2014) is currently discussed. Chen et al. (2012) found that most impact at tropopause heights is from emissions originating in the tropical Western Pacific region and the South China Sea, while Bergman et al. (2013) found that air masses originating at the Tibetan Plateau and in India are most important at 100 hPa. Simulations with a chemistry transport model by Park et al. (2009) show that the main surface sources of CO in the Asian monsoon anticyclone are from India and Southeast Asia, whereby the weak contribution of air masses originating from the Tibetan Plateau in their analysis is due to the lack of significant surface emissions of CO in this region in their model simulations. Further, air masses from northeast India and southwest China uplifted at the eastern side of the anticyclone could also contribute to the chemical composition of the Asian monsoon anticyclone (Li et al., 2005) .
In addition to the impact on the contribution of the Asian monsoon anticyclone, deep convection at the eastern/southeastern side of the Asian monsoon anticyclone is discussed as a pathway for transport of tropospheric air directly into the lower stratosphere by direct convective injection (Rosenlof et al., 1997; Park et al., 2007 Park et al., , 2008 Chen et al., 2012) . However, the impact of this transport mechanism on the chemical composition of the lower stratosphere has not been isolated from the exchange between the troposphere and the stratosphere associated with the large-scale Brewer-Dobson circulation (Gettelman et al., 2004; Bannister et al., 2004) .
The monsoon and the associated seasonal change of wind and rainfall is characterized by prolonged periods of dry and wet conditions in the range of 2-3 weeks. Extended periods with enhanced precipitation (wet spells) characterize active conditions, while dry spells represent periods when a break in monsoon activity occurs (Goswami, 2012 , and references therein). The active and break phases are manifestations of the superposition of large-scale northward-moving 30-to-60-day oscillations and small-scale westward-propagating 10-to-20-day variations; however, details of this variability are far from being well understood (Goswami, 2012 , and references therein). This intraseasonal variability of the monsoon is associated with the strength of the Asian monsoon anticyclone in the UTLS (Goswami, 2012) . Further, the evolution over the monsoon season of the anticyclone is characterized by large variability in its extent, strength, and location (e.g. Randel and Park, 2006) . Garny and Randel (2013) found that the temporal variability of the strength of the anticyclone, as diagnosed by low areas of potential vorticity (PV), is driven by the variability in convection with a period of 30-40 days. Also, splittings of the Asian monsoon anticyclone into two separate smaller anticyclones frequently occur each year (e.g. Garny and Randel, 2013) .
In this paper, we investigate the following main question: what is the impact of different boundary layer source regions in Asia on the composition of air in the Asian monsoon anticyclone 2012 considering the intraseasonal variability of the anticyclone? Further, we analyse how both boundary layer source regions in Asia and the Asian monsoon anticyclone affect the chemical composition of the lowermost stratosphere.
Summer 2012 is a good example for average monsoon conditions. The rainfall in India was medium based on the rainfall data set of 306 rain gauges in India provided by the Indian Institute of Tropical Meteorology in Pune, India 1 . A strong relation between rainfall (droughts or floods) during the Indian summer monsoon to El Niño and La Niña events has been established (e. g. Webster et al., 1998; Kumar et al., 2006) . In summer 2012 neutral conditions for the El Niño/Southern Oscillation (ENSO) occurred according to the Oceanic Niño Index 2 .
To answer our question, we performed simulations with the three-dimensional Chemical Lagrangian Model of the Stratosphere (CLaMS) (McKenna et al., 2002b, a; , and references therein). The paper is organized as follows: Sect. 2 describes the CLaMS simulations and the use of inert artificial tracers of air mass origin to mark boundary layer source regions. In Sect. 3, the evolution of the Asian monsoon anticyclone is described and CLaMS results are compared with measurements from the Aura Microwave Limb Sounder (MLS). Further, the impact of different emission tracers on the composition of the anticyclone is calculated for the entire 2012 monsoon season. Our results are discussed in Sect. 4 and the conclusions are given in Sect. 5.
The Chemical Lagrangian Model of the Stratosphere

Model description
Model simulations were performed using the threedimensional chemistry transport model CLaMS that was originally developed for the stratosphere (e.g. McKenna et al., 2002b, a; Grooß and Müller, 2007) and extended to the troposphere Pommrich et al., 2014, and references therein) . It was shown in previous studies that CLaMS is very well suited to simulate strong tracer gradients of chemical species in regions where transport barriers exist like the polar vortex (e.g. Günther et al., 2008; Vogel et al., 2008) , the extratropical tropopause, and in the vicinity of the jet streams (e.g. Pan et al., 2006; Konopka et al., 2010; Vogel et al., 2011b; Konopka and Pan, 2012) .
CLaMS is based on a Lagrangian formulation of tracer transport and considers an ensemble of air parcels on a timedependent irregular grid that is transported by use of threedimensional trajectories. The irreversible part of transport, i.e. mixing, is controlled by the local horizontal strain and vertical shear rates with mixing parameters deduced from observations (Konopka et al., 2010, and references therein) . Here, we present results of global CLaMS simulations that cover an altitude range from the surface up to 900 K potential temperature (≈ 37 km altitude) with a horizontal resolution of 100 km and a maximum vertical resolution of approximately 400 m at the tropopause. The horizontal winds are taken from the ERA-Interim reanalysis (Dee et al., 2011) provided by the European Centre for Medium-Range Weather Forecasts (ECMWF). In this data set, changes are implemented to improve deep and mid-level convection in ERA-Interim data in contrast to previous reanalysis data (Dee et al., 2011) .
Mixing parameter, vertical coordinate, and the crossisentropic velocity of the model follow the model set-up described by . Convection in CLaMS is represented by vertical velocities in ERA-Interim reanalysis data. CLaMS employs a hybrid coordinate (ζ ), which transforms from a strictly isentropic coordinate to a pressurebased coordinate system (for more details see Pommrich et al., 2014) .
For this study, the CLaMS simulation includes full stratospheric chemistry Sander et al., 2011) and was initialized on 1 May 2012 based on data from AURA-MLS version 3.3 (Livesey et al., 2011) and ACE-FTS version 3.0 and on results of a multi-annual CLaMS simulation started on 1 October 2001 . Global O 3 , CO, H 2 O, HCl, and N 2 O fields are derived from MLS data within ±2.5 days, while the trajectory-determined synoptic locations have been composed to a 2 • × 6 • (latitudelongitude) grid. Below ζ = 350 K (equal to = 350 K), these species were taken from the CLaMS multi-annual simulation with a linear transition between ζ = 350 and 400 K (equal to = 350-400 K). CO 2 is initialized from this simulation within the whole vertical domain.
The initialization of CH 4 , NO y , CFC-11, and CFC-12 was derived from N 2 O using correlation fits for different latitude bins derived from ACE-FTS version 3.0 data between April and August 2010 following Grooß et al. (2014) . The remaining species and the initial partitioning of the chemical families were taken from correlations and the Mainz 2-D model as described by Grooß et al. (2014) . At the upper boundary (900 K potential temperature) AURA-MLS and ACE-FTS measurements and tracer-tracer correlations were used similarly as for the initialization (see above). CO values at the upper boundary were taken from MLS V3.3 data.
At the lower boundary (surface), O 3 is set to a constant tropospheric value of 4.8×10 −8 volume mixing ratio representing the ozone mixing ratio at 5 km (Brasseur and Solomon, 2005, p. 619) . ECMWF water vapour is used in lower model levels. Lower boundary conditions for CO and CH 4 are derived from AIRS (Atmospheric Infrared Sounder) version 6 satellite measurements following the approach described by Pommrich et al. (2014) .
Emission tracers
The aim of our study is to analyse transport pathways of air masses from boundary layer sources to the Asian monsoon anticyclone and subsequently transport of these air masses into the extratropical lowermost stratosphere. Threedimensional CLaMS simulations were performed to include both the advective transport and the irreversible part of transport, namely mixing. The use of artificial tracers in CLaMS that mark particular regions in the atmosphere allows the origin of air masses, the pathways, and the transport times to be quantified (Günther et al., 2008; Vogel et al., 2011a) .
Here, inert artificial tracers of air mass origin, hereafter referred to as "emission tracers", are introduced that mark globally all land masses in the Earth's boundary layer (≈ 2-3 km above surface following orography corresponding to ζ < 120 K) and thus represent regionally different boundary layer sources regions. Figure 1 shows the geographic locations defined for all 13 emission tracers (red boxes). The latitude and longitude range of each box that represents one emission tracer is listed in Table 1 are summarized in an emission tracer for the background. As we are particularly interested in the contributions of different boundary layer source regions in Asia to the composition of air within the Asian monsoon anticyclone, the regions defining emission source regions in Asia are better resolved than in regions elsewhere. The separation in different regions in Asia is chosen to separate regions that are currently discussed in the literature as possible source regions (see Sect. 1). The most important regions for our study are northern India (NIN), southern India (SIN), eastern China (ECH), and Southeast Asia (SEA). To discuss the CLaMS results, the percentages of emission tracers for NIN, SIN, and ECH are sometimes summarized in one emission tracer referred to as "India/China" (India/China = NIN + SIN + ECH).
The artificial emission tracers in CLaMS are designed to identify possible boundary source regions in Asia that could contribute to the composition of the Asian monsoon anticyclone in a particular monsoon season, here as a case study for the year 2012. Every 24 h (time step for mixing in CLaMS), air masses in the model boundary layer are marked by the different emission tracers, i.e. the emission tracer for NIN of an air parcel in the boundary layer over northern India is set equal to 1 (NIN = 1). If an air parcel has left the model boundary layer over northern India, the value of the emission tracer for NIN (= 1) is transported like a chemical tracer to other regions of the free troposphere or stratosphere. Successive mixing processes between air masses from northern India with air masses originating in other regions of the atmosphere (here NIN = 0) during the course of the simulation yield values of NIN differing from the initial distribution (NIN = 1 or NIN = 0). Therefore, the value of the individual emission tracer counts the percentage of an air masses that originated in the specific boundary layer region since 1 May 2012 considering advection and mixing processes.
Results
Evolution of Asian monsoon anticyclone 2012
The spatio-temporal evolution of the Asian monsoon anticyclone in summer 2012 is inferred from threedimensional CLaMS simulations using the abovementioned emission tracers for Asia. The CLaMS simulation starts on 1 May 2012 before the formation of the Asian monsoon anticyclone begins during June and ends late October after the breakup of the anticyclone. Deep convection (represented in CLaMS by vertical velocities in ERA-Interim reanalysis data; see Sect. 2.1) leads to strong upward transport of emission tracers from source regions in Asia within the Asian Table 1 . Latitude and longitude range of artificial boundary layer sources in the CLaMS model, also referred to as "emission tracers". The geographic position of each emission tracer is shown in Fig. 1 .
Emission tracer
Latitude Longitude monsoon anticyclone. Our simulation confirms that the extent, strength, and location of the anticyclone is highly variable (e.g. Annamalai and Slingo, 2001; Randel and Park, 2006; Garny and Randel, 2013) . In particular, the location and the shape of the anticyclone change from day to day, which is demonstrated in the following. Because the Asian monsoon anticyclone is characterized by low PV, the horizontal distributions of the emission tracer for India/China in comparison to the horizontal distribution of PV is analysed at 380 K potential temperature (≈ 16 km) (see Figs. 2 and 3). The level of 380 K potential temperature is located within the Asian monsoon anticyclone just below the thermal tropopause. To discuss the spatio-temporal evolution of the Asian monsoon anticyclone, 6 days are selected that reflect typical situations of the evolution of the Asian monsoon anticyclone. 1 July 2012 shows conditions at the beginning of the evolution of the Asian monsoon (early phase); here the anticyclone is centred over Tibet. 28 July, 2 August, and 8 August 2012 are days in the mid-phase of the monsoon season, when a strong asymmetric anticyclone, a symmetric anticyclone centred over Iran, and an anticyclone split into two smaller anticyclones are found. Conditions during the late phase of the monsoon are shown for 12 September 2012. The situation after the breakup of the anticyclone occurring at the end of September is shown using the example of 7 October 2012.
On 1 July 2012 (Fig. 2, top) , the anticyclone is centred over Tibet. The northern flank of the anticyclone border on the subtropical westerly jet and the southern flank to the equatorial easterly jet. In our study, the region of strongest gradients in the horizontal distribution of emission tracers from Asia represent the edge of the anticyclone at 380 K.
A value of 4.5 PVU (thick white line) is introduced, which is in agreement with the upper limit of the PV values derived by Ploeger et al. (2015) to mark the transport barrier for the 2012 Asian monsoon anticyclone at 380 K (for more details see Sect. 3.2.1). Filaments consisting of air masses characterized by low PV values (< 4.5 PVU) and enhanced emissions from India/China occur both at the western and eastern flank of the anticyclone.
On 28 July 2012 (Fig. 2 , second row), the horizontal distribution of high percentages of emission tracers for India/China shows an elongated structure with maxima at its two endpoints located over northeastern Africa and southeastern China (red). The shape of the PV isoline of 4.5 PVU includes two anticyclones situated close together.
After 28 July 2012, the western peak is transported eastwards and the eastern peak moves westwards and both peaks merge in one location in early August. On 2 August 2012 (see Fig. 2 , third row), the anticyclone again has a more symmetric shape and is centred over Iran and Afghanistan. The spatial distribution of emission tracers for India/China shows two regions with maximum values: one in the core of the anticyclone over Iran and Afghanistan and a smaller one within the anticyclone farther northeast over China. This pattern is a remnant of the elongated structure found in the distribution of emission tracers for India/China on 28 July 2012 caused by the double peak structure of the Asian monsoon anticyclone. This small-scale structure found in the horizontal distribution of emission tracers for India/China is also evident in the spatial distribution of low PV values. On 8 August 2012 (see Fig. 2 , bottom), the Asian monsoon anticyclone is split into two smaller anticyclones: one centred over the northern Middle East (Iraq/Iran) and a second one over eastern China.
In the late phase of the Asian monsoon anticyclone, on 12 September 2012, the spatial distribution of the emission tracer for India/China is shifted towards the tropics compared to the mid-phase as shown in Fig. 3 (top) .
In 2012, the breakup of the Asian monsoon anticyclone occurred in late September. Figure 3 (bottom) shows the spatial distribution of the emission tracers for India/China at 380 K after the breakup on 7 October 2012. The breakup of the anticyclone or the disappearance of the transport barrier goes along with the spread of the emission tracers for India/China at 380 K within the mid-latitudes of the Northern Hemisphere and in the tropics. High percentages of the emission tracers for India/China are found over the Pacific Ocean and over the east coast of North America along the subtropical westerly jet and in filaments separated at the northeast flank from the Asian monsoon anticyclone . In addition, air masses originating in the boundary layer in India/China could penetrate into the upwelling in the deep branch of the Brewer-Dobson circulation and thus could be transported further up into the stratosphere. 
Comparison with MLS measurements
To compare our simulation with MLS O 3 and CO measurements (Version 3.3) (Livesey et al., 2008) , pattern correlation coefficients between MLS measurements and CLaMS results, namely MLS(CO) / CLaMS(CO), MLS(O 3 ) / CLaMS(O 3 ), and MLS(CO) / CLaMS(India/China), were calculated between 360 and 400 K potential temperature (see Fig. 4 ). It is expected from satellite measurements that CO mixing ratios are higher within the Asian monsoon anticyclone than outside and vice versa for O 3 , indicating that air masses inside On each day, CLaMS results are interpolated on locations of the MLS measurements transformed to synoptic 12:00 UTC positions. For each day, both MLS measurements and CLaMS results are normalized so that the maximum value of each trace gas is equal to one. Afterwards the linear Pearson correlation coefficient r(t) between MLS measurement and CLaMS results is calculated for each day. This procedure allows the spatial distribution of trace gases to be compared neglecting possible differences in the absolute mixing ratios between model and measurement and to compare the spatial distribution of different quantities such as measured CO and simulated emission tracers (here India/China).
Correlation coefficients r(t) ranging between 0.72 and 0.86 were calculated for MLS (O 3 Correlation coefficients of 0.57 to 0.81 were calculated for both MLS(CO) / CLaMS(CO) and MLS(CO) / CLaMS(India/China) between the end of June and the end of September. These high correlation coefficients confirm that CLaMS has the capability of simulating the spatial distribution of tropospheric trace gases such as CO and stratospheric trace gases like O 3 measured by MLS. In the region of the Asian monsoon anticyclone, the correlation coefficients of MLS(O 3 ) / CLaMS(O 3 ) are somewhat higher than those of MLS(CO) / CLaMS(CO). Reasons for this observation could be deficiencies in MLS CO data (v3) in the lower stratosphere as found by Schwartz et al. (2015) , who detect a lack of expected signatures in MLS (v3) CO in the context of double tropopauses, e.g. on the poleward edge of the Asian monsoon anticyclone, and suggest that these deficiencies could be related to unexpectedly weak equator-to-pole gradients of MLS CO in the lower stratosphere (Hegglin and Tegtmeier, 2016) . Differences between MLS(CO) / CLaMS(CO) and MLS(O 3 ) / CLaMS(O 3 ) correlations could also be caused by limitations in the convective transport of CO in ERA-Interim reanalysis data (see discussion in Sect. 4) or by lower boundary conditions for CO (see Sect. 2.1). To illustrate the good agreement between CLaMS and MLS, the same horizontal cross-sections as in Figs. 2 and 3 at 380 K potential temperature for MLS CO and O 3 as well as for CLaMS CO and O 3 are shown in the Supplement of this paper.
The correlation coefficient of MLS(CO)/CLaMS(India/China) increases from 0 to ≈ 0.8 during the formation of the Asian monsoon anticyclone, as expected because the tracer in the model has first to be transported from the ground to the UTLS. After the breakup of the monsoon anticyclone the correlation coefficient of MLS(CO) / CLaMS(India/China) decreases because further upward transport of the tracer for India/China does not occur due the missing convection in this region and therefore the spatial CO distribution in the UTLS is dominated by other processes. During the existence of the Asian monsoon anticyclone, correlation coefficients of MLS(CO) / CLaMS(India/China) between 0.57 and 0.81 are calculated, indicating that the spatial distribution of MLS(CO) within the Asian monsoon anticyclone is good, as represented by the spatial distribution of the emission tracers for India/China. This model tracer is therefore a good proxy for the spatial distribution of tropospheric trace gases measured in the Asian monsoon anticyclone.
Different phases of the Asian monsoon anticyclone
To link the temporal variation of the spatial distribution of the emission tracers to areas of low PV during the entire Asian monsoon period 2012, pattern correlations between PV and the emission tracer for Indian/China (red), the emission tracer Southeast Asia (grey), and CLaMS CO (blue) are calculated as shown in Fig. 5 . The correlation coefficients are calculated in a region between 15 and 50 • N and 0 and 140 • E (shown as black rectangles in Fig. 2 ) at 380 K similar to the MLS/CLaMS correlations described above. For each day, CLaMS results and PV are interpolated on a 1 × 1 latitude-longitude grid at 380 K and thereafter normalized to 1. Figure 5 shows that the spatial distribution of PV and CLaMS CO is strongly anticorrelated during the formation (−0.89 to −0.95), the existence (−0.74 to −0.93), and the breakup (−0.68 to −0.89) of the Asian monsoon anticyclone. In the course of the Asian monsoon season, a strong anticorrelation between the spatial distribution of low PV and high percentages of the emission tracer for India/China of −0.71 to −0.87 is found. During the formation of the anticyclone, the correlation coefficients decrease because the emission tracer has to be transported up to the UTLS. The increase of the correlation coefficients after the breakup is caused by the lack of convection in Asia during the monsoon season (see comparison between MLS and CLaMS in Sect. 3.1). In contrast, the correlation coefficient between the spatial distribution of PV and the emission tracer for Southeast Asia shows completely different behaviour. During the formation of the Asian monsoon, the contributions of the emission tracer for Southeast Asia decrease similarly as for the emission tracer for India/China. During the existence of the anticyclone a strong anticorrelation with a correlation coefficient up to −0.90 is calculated at the early and late phase of the anticyclone; however, in early August (mid-phase), the spatial distributions of PV and the emission tracer for Southeast Asia are uncorrelated (indicated by the black dashed line in Fig. 5 ). This shows that in the mid-phase of the Asian monsoon anticyclone, the spatial distribution of air masses originating in Southeast Asia is not connected to the region of the Asian monsoon anticyclone, indicating that air masses from Southeast Asia experienced upward transport outside of the Asian monsoon anticyclone (see Sect. 3.2) .
In the course of the Asian monsoon season, the strong correlation and anticorrelation found between the emission tracer for India/China and MLS CO measurements with correlation coefficients between 0.57 and 0. dicate that the spatial distribution of the emission tracer for India/China is a good proxy for the location and shape of Asian monsoon anticyclone from the end of June to the end of September. Figure 6 shows 12-day mean values of the emission tracer for India/China and PV during different phases of the Asian monsoon anticyclone. A slight geographical northward shift of the spatial distribution of the emission tracer for India/China is found from the early phase of the anticyclone from the end of June/early July to early August (mid-phase). Further, in early September, the late phase of the anticyclone, a much broader spatial distribution of the emission tracer for India/China is found; in particular the southern edge of the anticyclone is shifted towards the tropics. In early October after the breakup of the anticyclone, high percentages of the emission tracer for India/China are still found over India, China, and the Pacific Ocean.
Animations showing the temporal evolution (on a daily basis) of the contribution of emission tracers for India/China, Southeast Asia, and PV at 380 K potential temperature in the Northern Hemisphere during the Asian 2012 monsoon season (1 May 2012-late October 2012) are available as a Supplement of this paper, showing the intraseasonal variability of the Asian monsoon anticyclone. In the next sections, the spatial distribution of different emission tracers for Asia within the Asian monsoon anticyclone and the temporal evolution of all tracers within the Asian monsoon anticyclone from May until late October 2012 are discussed.
Impact of different emission tracers on the composition of the Asian monsoon anticyclone
To analyse the possible impact of different boundary layer source regions in Asia, in particular the specific importance of Southeast Asia, on the composition of the Asian monsoon anticyclone, the horizontal distributions of emission tracers are discussed at 380 K potential temperature using 4 days introduced in the previous section (1 July, 2 and 8 August, and 12 September 2012; see Sect. 3.1). The emission tracers for northern India, southern India, and eastern China show in general the same horizontal patterns; therefore here we show only emissions from northern India. However, their individual contributions to the composition of the anticyclone differ from tracer to tracer and are time dependent (see Sect. 3.2.1). In the previous section (Sect. 3.1), it was shown that the spatial distribution of the emission tracer for Southeast Asia has fundamentally different behaviour than the distribution for emission tracers for northern India, southern India, and eastern China at 380 K potential temperature (see Fig. 5 ). Figure 7 shows the horizontal distribution of emission tracers for northern India (left) and Southeast Asia (right) at 380 K potential temperature over Asia for the 4 chosen days. In the early phase on 1 July 2012 (Fig. 7, top) , air masses from boundary layer sources in northern India and Southeast Asia are confined within the Asian monsoon anticyclone and within the filaments at its western and eastern flank. Air masses influenced by boundary layer sources from Southeast Asia are also found in the tropics. Within the anticyclone, the emission tracer for Southeast Asia has the largest contribution at 380 K, followed by the emission tracers for northern India. Similar to the distribution on 1 July 2012, the distribution of the emission tracer for northern India on 2 August 2012 in the mid-phase at 380 K (Fig. 7, second row, left) is also confined within the Asian monsoon anticyclone.
In contrast to 1 July, the highest percentages of emission tracers within the anticyclone at the beginning of August are from northern India and eastern China (not shown here); thus the impact of boundary sources located more northwards is larger than the impact of boundary sources from Southeast Asia and southern India (not shown here).
Further, on 2 August 2012 at 380 K, the spatial distribution of the emission tracers for northern India shows two regions with maximum values: one in the core of the anticyclone over Iran and Afghanistan and another within the anticyclone farther northeast over China which is a remnant of a double peak structure found on 28 July 2012 as discussed previously in Sect. 3.1.
On 2 August 2012, the horizontal distribution of the emission tracer for Southeast Asia is completely different compared to the 1 July 2012. On 2 August 2012 (Fig. 7 , second row, right), the contribution of the emission tracer for Southeast Asia has a local minimum in the core of the anticyclone surrounded by enhanced percentages of the emission tracer for Southeast Asia at the edge of the anticyclone particularly at the southeast edge of the anticyclone and in the western and eastern filaments of the anticyclone. This is in contrast to the emission tracers for northern India (and eastern China, not shown here) which have large contributions in the core and low values at the edge. Therefore, the spatial distribution of the emission tracer for Southeast Asia within the anticyclone is like a negative image of the spatial distribution of the emission tracer for northern India. Looking at a wider geographical scale, large contributions of the emission tracer for Southeast Asia are found south of the anticyclone in the tropics, over the Pacific Ocean, and west of the anticyclone over the South Atlantic Ocean.
On 8 August 2012 (Fig. 7, third row) , the Asian monsoon anticyclone is split into two smaller anticyclones. Apart from the double peak structure, the spatial distribution of the emission tracer for northern India and Southeast Asia is similar to the distribution on 2 August 2012, i.e. high contributions from northern India and low contributions from Southeast Asia are found within both cores of the anticyclones. Also here, remarkably high percentages of the emission tracer for Southeast Asia appear at the edge of the two anticyclones.
Thus at the beginning of August 2012, the percentage of emission tracers for northern India and eastern China (not shown here) outweigh the percentage of the emission tracers from further south for Southeast Asia and southern India (not shown) inside the anticyclone in contrast to the conditions in the early phase on 1 July.
Air masses originating in Southeast Asia can experience strong uplift by deep convection (e.g. Park et al., 2007; Li et al., 2005) or typhoons . If an air parcel is uplifted at the edge of the Asian monsoon to altitudes high enough, it can be entrained into the anticyclonic circulation and subsequent clockwise transport of the air parcels around the outer edge of the anticyclone occurs. The edge of the anticyclone acts here as a strong transport barrier, as evident in the strong gradients of the different emission tracers at the edge of the anticyclone. The transport barrier acts in both directions, namely for inward transport apparent in the tracer distribution from Southeast Asia and for outward transport apparent in the tracer distribution for northern India (see Fig. 7 , second and third row). Further, air masses originating in the boundary layer in Southeast Asia are uplifted in the tropics at locations where they do not reach the Asian monsoon anticyclone. A subsequent isentropic poleward transport of these air masses from the tropics to the region of the Asian monsoon anticyclone is evident in the CLaMS simulation.
On 12 September 2012 (see Fig. 7 , bottom) during the late phase, the anticyclone is broadened to the south compared to the area of the Asian monsoon anticyclone in July and August. In the core of the Asian monsoon anticyclone, the main contributions are emission tracers for Southeast Asia and northern India followed by eastern China (not shown). A smaller percentage is found for the emission tracer for southern India (not shown).
Further, on 12 September 2012 at the end of the monsoon season, the spatial distribution of the emission tracer for Southeast Asia at 380 K is very different compared to the distributions of the emission tracer for northern India particularly within the Northern Hemisphere. During the late phase of the anticyclone, contributions of the emission tracers for northern India are still trapped within the anticyclone. As discussed before, air masses originating in the boundary layer in Southeast Asia are uplifted both within the Asian monsoon anticyclone and elsewhere in the tropics. Uplift in the tropics and subsequent isentropic poleward transport at around 380 K yield propagation of air masses originating in the boundary layer of Southeast Asia to mid-latitudes. Fig. 7 (bottom) shows that on 12 September 2012, contributions from Southeast Asia between 6 and 10 % are found in the entire Northern Hemisphere. Therefore, the extratropical lowermost stratosphere in the Northern Hemisphere is flooded by the end of September with air masses from Southeast Asia. As a result, high percentages of the emission tracer for Southeast Asia are more widely distributed compared to the distribution of the emission tracers for northern India, southern India, and eastern China.
Temporal evolution of different emission tracers
The artificial emission tracers in CLaMS are designed to identify possible boundary source regions in Asia that could contribute to the composition of the Asian monsoon anticyclone during the 2012 monsoon season (as defined in Sect. 2.1.1) considering advection and mixing processes. By this technique, contributions of the boundary layer with a transport time from the boundary to the UTLS in the range of one monsoon period (contributions from the boundary layer that are released after 1 May 2012) are covered by the artificial tracers used here. Therefore, the composition of different emission tracers within the Asian monsoon anticyclone is a fingerprint of the regional and temporal variations of convective processes causing strong upward transport within the Asian monsoon anticyclone in summer 2012.
After presenting the spatial distribution of the emission tracers in Sect. 3.2 for 4 selected days, we will now discuss the temporal evolution of all emission tracers within the Asian monsoon anticyclone in 2012. In the previous sections, it was shown that the area enclosed by the 4.5 PVU isoline constitutes a good upper boundary for the area within the Asian monsoon anticyclone at 380 K showing enhanced contributions of emission tracers for India/China within the Asian monsoon anticyclone. Ploeger et al. (2015) inferred a mean value of 3.8 PVU to mark the transport barrier for the Asian monsoon anticyclone 2012 at 380 K using the PV gradient and horizontal circulation. However, the PV value marking the transport barrier changes from day to day with maximum PV values up to 4.4-4.6 PVU and could only be deduced for a period from 20 June to 20 August 2012 (Ploeger et al., 2015) . In our study, a value of 4.5 PVU is used which is in agreement with the upper limit of the PV values derived by Ploeger et al. (2015) and is extrapolated to early June and September/October 2012. Therefore, to calculate the percentage of different emission tracers within the Asian monsoon anticyclone at 380 K we use the following assumption: mean values of all emission tracers are calculated in Asia for the region between 15 and 50 • N and 0 and 140 • E (at 380 ± 0.5 K; shown as black rectangles in Fig. 7) . In addition to this geographical limit (black rectangles), PV values lower than 4.5 PVU are required for an air parcel to contribute to the mean values of the different emission tracers within the Asian monsoon anticyclone for each day, as shown in Fig. 8 .
The contribution of different emission tracers from Asia within the anticyclone differ in time and from tracer to tracer (Fig. 8) . The temporal evolution shows that significant contributions of the emission tracer for Southeast Asia (black) are found within the Asian monsoon anticyclone at 380 K potential temperature at the end of May, which is roughly 2 weeks before contributions of the emission tracers for northern India (red), southern India (blue), and eastern China (green) reach that level of potential temperature. At the beginning of the Asian monsoon period in June/early July, contributions of air masses originating in South Asia dominate within the anticyclone with maximum percentages of emission tracers on average of 13 % for Southeast Asia (black) and 6.5 % for southern India (blue) at 380 K. During July 2012, the contributions of emission tracers for the south decrease to 10 % (Southeast Asia) and 6 % (southern India) while contributions of emission tracers for the north, northern India (red) and eastern China (green) increase up to 18 and 10 %, respectively, until early August. During August 2012, the percentage of the emission tracers for the south rises again until the breakup of the anticyclone, which occurred at the end of September, in contrast to decreasing contributions of emission tracers for northern India. Our simulations show that a south-north shift in the contribution of different emission tracers for Asia within the Asian monsoon anticyclone occurs during summer 2012 and also a slight northward shift of the anticyclone itself. This behaviour is possibly linked to the northward moving long-term interseasonal variations (30-to-60-day oscillations) found in climatological analyses of monsoon activity like convection and rainfall (e.g. Goswami, 2012 , and references therein). During August and September 2012, contributions of the emission tracer for northern India (red) decrease in general; however, short-term intraseasonal variations (10-20 days) as a local phenomenon are found. We suggest that these oscillations are most likely connected to the short-term westwardpropagating intraseasonal variations (10-20 days) of the Asian summer monsoon found on a smaller horizontal scale (e.g. Goswami, 2012 , and references therein). In the same time period, contributions of the emission tracer for eastern China show a slight increase with maximum percentages at the end of September.
At the end of September 2012, the contributions of emission tracers for northern India, southern India, and eastern China start to decrease caused by the breakup of the Asian monsoon anticyclone and the missing upward transport within the anticyclone. In contrast to these tracers, the contribution of emission tracers for Southeast Asia increases continuously up to 23 % from its minimum percentage of 10 % in late August until the end of October. In early October, the anticyclone had already dissolved, but the contributions of the emission tracer for Southeast Asia still rise. The reason for this increase is that air masses originating in the boundary layer in Southeast Asia experienced, in addition to the upward transport in the Asian monsoon anticyclone itself, uplift in the tropics and rapid uplift over the Pacific Ocean. The contribution of the emission tracer for the tropical Pacific Ocean increases after the breakup of the anticyclone (yellow) indicating a strong uplift of air masses in the tropical Pacific. The influence of other land masses together with tropical Atlantic and Indian oceans (dark grey line in Fig. 8 ) and of the background (light grey) is of minor importance throughout the considered time period.
The conclusions deduced from the temporal evolution of emission tracers do not depend on the precise value of 4.5 PVU. Very similar results were obtained for a choice of 3.8 PVU. Further, even if no PV criterion is applied and all air parcels within the geographical limits (black rectangles in Figs. 2, 3, and 7) are considered when calculating the mean values, the same qualitative evolution of the contributions of different emission tracers emerges within the anticyclone at 380 K. However, when using only the geographical limits the highest contributions from Southeast Asia up to 11 and 19 % are calculated in mid-June/mid-July and October respectively. The contribution of air masses from northern India has also its maximum in the intervening period from mid-July to mid-August and reaches values up to 13 % (not shown here). The sum of all emission tracers shown in Fig. 8 is less than 100 % because air masses originating in the free troposphere or stratosphere also contribute to the composition of Asian monsoon anticyclone. For the end of June, a contribution of 35 % of the model boundary layer to the composition of the Asian monsoon anticyclone is calculated as shown in Fig. 9 . The remaining 65 % of the composition of the anticyclone is from the free troposphere and the stratosphere. 
Discussion
In this paper, we want to show how the impact of different emission tracers changed during the course of the 2012 Asian monsoon season with a focus on the influence of fresh emissions from different regions. Therefore, we selected 1 May 2012 as the starting point for our simulation, which is before the formation of the Asian monsoon anticyclone. Of course, air masses emitted in the Earth's boundary layer before 1 May 2012 will contribute to the composition of the Asian monsoon anticyclone, but here we aim at quantifying the impact of young air masses in one particular Asian monsoon season that experienced upward transport in the vicinity of the Asian monsoon anticyclone. Our results therefore demonstrate the influence of young air masses on the composition of the Asian monsoon and on the extratropical lowermost stratosphere. Using this approach, we could show that at the end of the monsoon season in September up to 75 % of the air masses within the Asian monsoon anticyclone are younger than 5 months (see Fig. 9 ). That implies that the impact of air masses older than 5 months has only a moderate impact on the composition of the Asian monsoon anticyclone at the end of the monsoon season. Our results demonstrate that the Asian monsoon system is an effective pathway for the transport of air masses from the Earth's surface into the upper troposphere within a few months during the course of the 2012 Asian monsoon season.
In contrast to our study, Orbe et al. (2015) used tracers of air mass origin in model simulations to infer the impact of boundary regions in Asia to the tropical lower stratosphere with an approach that the different tracers have equilibrated so that the sum of all tracers of air mass origin is equal to unity within the entire atmosphere (using a spin-up of 20 years). This approach provides for each air parcel the information about the origin within the boundary layer. However, this approach provides no information on the transport times from the boundary layer in Asia to the tropical lower stratosphere. To infer the transport times in the approach by Orbe et al. (2015) , they introduce a boundary impulse response that marks air that left the boundary layer on a certain day (1 July). They infer transport times of 1 month from the boundary layer in Asia into the tropical lower stratosphere in July when the Asian monsoon is active. In this respect, their pulse serves a similar purpose as our seasonal tracer set-up. However, our approach considers all air masses that left the boundary layer over the course of the 2012 monsoon season since May and thus reflects the meteorological conditions of the entire 2012 monsoon season.
In our approach, the absolute percentages of the emission tracers found within the Asian monsoon anticyclone depend on the starting point of the model simulations on 1 May 2012. However, the temporal behaviour of the individual emission tracers depends on convective processes causing strong upward transport within the Asian monsoon anticyclone in summer 2012 and are therefore a fingerprint of the regional and temporal variations during the course of the monsoon season. This approach gives insights in the temporal variability of the composition of the Asian monsoon anticyclone over the course of the 2012 monsoon period complementing earlier studies which analysed the origin of air masses within the Asian monsoon anticyclone for a certain shorter period of the monsoon season (e.g. Li et al., 2005; Bergman et al., 2013) or infer mean values of air mass origin for the entire monsoon season (e.g. Park et al., 2009; Chen et al., 2012; Fadnavis et al., 2014) .
The upward transport and convection in CLaMS is driven by ERA-Interim reanalysis data in which changes are implemented to improve deep and mid-level convection compared to previous reanalysis data (Dee et al., 2011) . However, small-scale rapid uplift in convective cores is not included. We expect that in data sets additionally including the smallscale rapid uplift in convective cores, the uplift of air masses within the Asian monsoon should be even more pronounced. However, previous studies (e.g. Ploeger et al., 2010; Pommrich et al., 2014; Vogel et al., 2014) show that ERA-Interim reanalysis data are well suited to study transport processes in the vicinity of the Asian monsoon anticyclone and in the tropical tropopause layer. In addition, the diabatic approach with potential temperature is used in CLaMS as the vertical coordinate (Pommrich et al., 2014) , which is suggested to yield more reliable results compared to kinematic calculations (e.g. Ploeger et al., 2010; Bergman et al., 2015) .
Conclusions
In this paper, the impact of different boundary layer source regions in Asia on the composition of the 2012 Asian monsoon anticyclone is characterized by CLaMS model simulations using artificial emissions tracers. Our simulations show that the Asian monsoon anticyclone is highly variable in location and shape and the edge of the anticyclone constitutes a strong transport barrier for artificial emission tracers.
The calculated correlation coefficients indicate good agreement between the horizontal distributions of simulated CO, O 3 , and artificial emission tracers for India/China with patterns found in satellite measurements of O 3 and CO by Aura-MLS. For the monsoon season, correlation coefficients r(t) of 0.72-0.86 and 0.57-0.81 were calculated for MLS(O 3 ) / CLaMS(O 3 ) and both MLS(CO) / CLaMS(CO) and MLS(CO) / CLaMS(India/China) correlations respectively. In addition in the course of the Asian monsoon season, a strong anticorrelation is found between the emission tracer for India/China and PV with correlation coefficients between −0.71 and −0.87. These correlation coefficients between the emission tracer for India/China and MLS measurements as well as PV indicate that the spatial distribution of the emission tracer for India/China is a good proxy for the location and shape of Asian monsoon anticyclone. A slight geographical northward shift of the spatial distribution of the emission tracer for India/China is found from the early phase of the anticyclone at the end of June/early July to early August (midphase). Further, in early September, during the late phase of the anticyclone, a much broader spatial distribution is found; in particular, the southern edge of the anticyclone is shifted to the tropics. High percentages for the emission tracer for India/China located over India, China, and the Pacific Ocean are still found after the breakup of the anticyclone in early October.
In this paper, we could answer the question of what is the impact of different boundary layer sources in Asia to the Asian monsoon anticyclone in summer 2012. The model results show that emissions from northern India, southern India, eastern China, and Southeast Asia have a larger impact on the composition of the Asian monsoon anticyclone than emission tracers from all other land masses. The contributions of these different emission tracers on the composition of the anticyclone are highly variable in time, but in general the highest contribution are from northern India and Southeast Asia. In the early (around June to mid-July) and late period (September/October) of the 2012 monsoon season, contributions from Southeast Asia are highest (up to 13 and 23 % respectively using a value of 4.5 PVU to mark the edge of the anticyclone). In the intervening period (around mid-July to mid-August), air masses from northern India have the strongest contribution to the composition of the anticyclone (up to 18 %). This behaviour is likely caused by the large-scale northward-moving 30-to-60-day oscillations of the Asian monsoon evident in repeatedly northwardpropagating wet spells during the summer monsoon season. Short-term intraseasonal variations (10-20 days) are found in the contribution for air masses originating in northern India, which is likely associated with westward-propagating 10-to-20-day oscillations of the South Asian summer monsoon found on a smaller horizontal scale. Our simulation confirms that both northern India, including the Tibetan Plateau (Bergman et al., 2013) , and Southeast Asia, including the eastern part of Bay of Bengal, South Asian subcontinent, Western Pacific, and the Philippine Seas (Park et al., 2009; Chen et al., 2012) , are important source regions for the chemical composition of the Asian monsoon anticyclone. Our simulations demonstrate that the contributions of different boundary source regions to the composition of the Asian monsoon anticyclone show strong intraseasonal variations. Thus, the chemical contribution of the Asian monsoon anticyclone is a fingerprint of the regional temporal variation of convective processes. The variability of the composition of the Asian monsoon anticyclone over the course of the monsoon season is therefore more complex than hitherto believed.
In addition, emissions from Southeast Asia are found both within the Asian monsoon anticyclone and at the outer edge of the anticyclone. CLaMS simulations show that emissions from Southeast Asia can be rapidly uplifted by deep convection (Li et al., 2005; Chen et al., 2012) or typhoons up to the outer edge of the anticyclone (at around 380 K). Afterwards, the emissions are entrained by the anticyclonic circulation of the Asian monsoon and circulate clockwise, in an upward spiral, at the edge of the Asian monsoon anticyclone around its core (this is also true if the anticyclone is split into two smaller anticyclones). Moreover, our simulations show that air masses originating in Southeast Asia can be uplifted elsewhere in the deep tropics and subsequently spread out during the simulation globally on the tropical side of the subtropical jet stream at around 380 K. In contrast, emissions from northern India, southern India, and eastern China are trapped in the Asian monsoon anticyclone. During summer 2012, this mechanism caused flooding of the lowermost stratosphere with relatively young air masses originating from Southeast Asia. Finally, after the breakup of the Asian monsoon anticyclone in late September 2012, emissions from northern India, southern India, and eastern China that has been trapped within the Asian monsoon anticyclone are distributed globally within the UTLS.
Our findings demonstrate that emissions from India/China and Southeast Asia carrying moisture and pollution affected by the circulation of the Asian monsoon anticyclone have a significant impact on the chemical compositions of the lowermost stratosphere of the Northern Hemisphere in particular at end of the monsoon season in September/October 2012.
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